There exists a number of environmental and energy measures that, when deployed at urban scale, can directly impact energy use and emissions from power generation and indirectly affect the atmospheric environment which, in turn, impacts energy demand, emissions of greenhouse gas and ozone precursors and photochemical production of ozone. Atmospheric modeling is an important tool in evaluating the indirect effects, both beneficial and inadvertent, of urban heat-island mitigation. In this article, we provide a brief background discussion of heat-island research and modeling and present findings from three recent projects we have completed for California.
INTRODUCTION AND BACKGROUND
The 'Clean Air Act' requires that non-attainment areas in the US develop plans for improving air quality. State Implementation Plans (SIP) consider and embody strategies that are typically quantifiable, enforceable and geared primarily towards emissionsreduction technologies. However, for many regions, voluntary or emerging control measures such as heat-island mitigation could become a useful part of the clean-air plans to help reach or maintain attainment status, e.g. for the ozone standard.
There exists a number of heat-island control measures that, when deployed at community or city scales, can 'directly' impact energy use in buildings and emissions from power generation and 'indirectly' affect the atmospheric environment which, in turn, can affect energy use, emissions of greenhouse gas and ozone precursors and photochemical production of ozone. While the direct effects of these measures are generally well understood, the indirect effects have not been equally well quantified, especially in various possible deployment combinations and in different climates. Their impacts, if implemented at national or global scales, also are not well studied. Thus, there is a need to quantify and understand these indirect effects at the urban, regional and global scales. Atmospheric modeling is an important tool in studying and evaluating the indirect effects of urban heat-island mitigation. The modeling is needed to evaluate both the beneficial ( positive) and inadvertent (negative) impacts of these control measures.
In Section 2, we provide a brief background discussion of national and international urban heat-island mitigation studies. In Section 3, policy aspects of heat-island mitigation in California are highlighted. Sections 4 and 5 present a discussion of the multidimensional effects of heat-island control measures. Finally, in Section 6, we focus on heat-island modeling and present findings from three recent projects we have completed for California.
HEAT-ISLAND MITIGATION RESEARCH
The overarching goal of heat-island mitigation studies, analysis and modeling is to develop useable and actionable information that can assist city, state and regulatory organizations, planners and policy makers in (1) evaluating the effectiveness of control measures in terms of their impacts on energy use, local meteorology, emissions and air quality and (2) developing implementation plans for such measures. Various national and international studies have been carried out to evaluate the multidimensional effects of heat-island control. For example, Akbari et al. [1] and Akbari and Konopacki [2] have evaluated the impacts of heat-island mitigation with reflective roofs on energy use, whereas Taha [3, 4] evaluated the effects of urban-cooling measures (urban albedo and forestation) on regional meteorology, emissions and air quality. Akbari et al. [5] and Oleson et al. [6] analyzed the potential global-cooling effects of urban albedo control to offset CO 2 , whereas Takebayashi and Moriyama [7] examined the heat-island mitigation potentials of reflective roofs at city scale. Taha [8] , Carter et al. [9] and Chen et al. [10] examined the effects of urban areas, heat islands and their mitigation on urban micrometeorological conditions, wind flow patterns, convective cloud formation and sea-breeze and coastal circulations. Scherba et al. [11] and Sailor et al. [12] studied the effects of urban heat-island control with green roofs and the resulting impacts on heat flux to the atmosphere. Hart and Sailor [13] studied the effects of land-use and surface characteristics changes and control on the magnitude of the urban heat island.
More recent heat-island mitigation modeling studies, e.g. Taha [14] , were undertaken to further the analysis of meteorological and air-quality impacts beyond the time scales of limited episodic studies typically carried out in the past. Other efforts were undertaken with a goal to evaluate the global-climate effects of implementing heat-island control measures. For example, Millstein and Menon [15] and Jacobson and TenHoeve [16] evaluated the atmospheric and environmental effects of global deployment of high urban albedo but with different conclusions. In terms of hydrometeorology, e.g. precipitation and urban water balance, Georgescu et al. [17] evaluated the effects of heat-island mitigation on summer precipitation in Arizona. Other projects evaluated the ozone air-quality effects and emission-reductions equivalence of heat-island mitigation on annual, seasonal and multiepisodic time scales, e.g. Taha [14, 18] , including the effects of interactions among airsheds that implement such mitigation measures.
Recent efforts were also undertaken to increase the spatiotemporal resolutions in modeling the potential impacts of urban cooling (Taha [8, 14] ) and to improve the representations/parameterizations of urban areas in atmospheric models, e.g. Carter et al. [9] , Martilli et al. [19] , DuPont et al. [20] and Taha [8] . The use of such advanced parameterizations has allowed researchers to evaluate in more detail the fine-scale interactions in the urban boundary layer that are important in terms of energy use, emissions and air quality. Santamouris [21] has evaluated the benefits of several urban-cooling strategies, including reflective and green roofs, on heat islands and performed a comprehensive review of many studies on the subject matter.
POLICY ASPECTS OF HEAT-ISLAND MITIGATION IN CALIFORNIA
Strategies for urban cooling and mitigation of heat islands have garnered the interest of policy-makers internationally and nationally, especially in California. While scientific studies continue to evaluate the potential energy and environmental benefits of such mitigation measures, some aspects of heat-island control have already been adopted in regulatory frameworks.
In California, Assembly Bill 32 (AB-32; Global Warming Solutions Act of 2006), incorporates and identifies 'Cool Communities' as a 'Voluntary Early Action' program. 'Cool Communities' is a term given to heat-island mitigation measures including cool roofs, cool pavements and urban forests. In the California energy code, Title 24 Building Energy Efficiency Standard, 'Cool Roofs' have been included in the requirements for implementation. Another rule, California Assembly Bill 296 (AB 296; Cool Pavements), requires the California Environmental Protection Agency (CalEPA) to develop an urban heat-island index and standard specification for sustainable and cool pavements. In addition to such specific rules, urban heat-island mitigation has also been considered, formally or informally, as a potential voluntary control measure or emerging control strategy in several of California's Clean Air Plans formulated by the California Air Districts. Table 1 summarizes measures that are considered part of the heat-island mitigation portfolio of strategies for energy and emissions reductions and air-quality improvements. In the table, each measure is identified as having or not having direct energy effects and/or indirect energy and atmospheric impacts. The last column describes the pathways or mechanisms through which the control measures can impact the local climate, e.g. temperature and wind fields, thus the heat island.
HEAT-ISLAND MITIGATION MEASURES

POSITIVE AND NEGATIVE EFFECTS OF URBAN COOLING
Generally speaking, the potential benefits of urban cooling include: (1) reduced urban heat-island intensities (if and when they exist); (2) reduced cooling energy use; (3) reduced emissions from power generation; (4) reduced biogenic emissions from existing and new vegetation; (5) reduced evaporative emissions from mobile sources, fueling stations and tanks; (6) slower photochemical production of ozone and (7) improved outdoor thermal comfort. On the other hand, potential negative effects include (1) reduced mixing, advection and transport of pollutants; (2) possible decrease in urban-enhanced cloudiness and precipitation; (3) enhanced radiative forcing and atmospheric heating and (4) wintertime heating-energy penalties.
It has been demonstrated since early modeling efforts, e.g. Taha [3, 4] , that heat-island mitigation, like other control measures, can produce both positive and negative effects. The opposing impacts can be seen in meteorology (e.g. cooling and warming), emissions (decrease or increase) and in air quality (e.g. decrease and increase in ozone). For example, Taha [22, 23] shows that urban cooling affects not only vertical but also horizontal mixing, advection and flow patterns. In coastal areas of California, urban cooling can weaken the sea breeze. Reduced vertical mixing can cause increased ozone concentrations under certain conditions whereas reduced horizontal mixing can result in higher temperatures downwind of urban cooling and thus potentially higher ozone in these areas. These competing positive and negative effects have been accounted for in detailed modeling, for example by Taha [3, 4, 14, 18] . In California, the positive effects (reductions in temperature and in ozone concentrations) are generally larger in magnitude than the negative ones and tend to occur more frequently. But because of these competing effects, the problem of urban heat-island mitigation becomes one of developing an optimal mix of local control measures on a city-by-city basis so as to minimize any potential negative effects and maximize the benefits.
Taha [22] shows how negative impacts on ozone air quality, namely the existence of a temperature-reduction threshold effect, can arise with urban cooling. The reason this occurs lies in the balance between and relative roles (magnitudes) of emissions and chemistry (EþC) versus those of vertical mixing and advection (MþA). As urban cooling is increased (e.g. by increasing the control on heat islands) the effects of EþC (reduced emissions and slower photochemical production of ozone) become greater and dominant, i.e. larger than the effects of MþA, thus resulting in reduced ozone concentrations. However, past a certain level of urban cooling (i.e. beyond a temperature-reduction threshold), the effects of MþA (reduced vertical mixing and weaker advection) become significant and sometimes comparable to those of EþC. As a result, the net decrease in ozone becomes smaller. To rephrase, when urban cooling is increased past a certain temperaturereduction threshold, it may no longer result in additional reductions in ozone, rather, the net decrease in concentrations becomes smaller.
Clearly, these changes in ozone and temperature, as well as the existence of a temperature threshold, are region-and conditions-specific. Variations in meteorology, emissions, geography and modification levels will result in different thresholds and ozone reductions. The bottom line is that heat-island control measures must be tailored and evaluated on a region-by-region basis so as to minimize any negative effects.
Another aspect of importance, especially beyond the urban scale, i.e. at regional and global scales, is the potential impact of heat-island mitigation on convective cloud enhancement. In certain equatorial and midlatitude regions where summer precipitation is important, urban cooling can inhibit mixing and, depending on moisture availability, temperature and convective available potential energy, can hinder urban enhancement to cloud formation. If cloudiness (cloud albedo) is reduced, it can cause 1) increased solar radiation receipt at the surface (thus causing warming and potentially offsetting the intended cooling effect) and 2) decreased precipitation. Some of these negative effects have been evaluated on a global scale by Jacobson and TenHoeve [16] and at the regional scale by Georgescu et al. [17] .
Considering these competing positive and negative effects, further research is needed to resolve potential conflicting issues in the design and implementation of urban-cooling measures. Comprehensive, advanced and detailed atmospheric modeling is needed to evaluate these effects and to devise location-specific mix of control measures that will maximize the positive effects and minimize the negative ones. From an air-quality perspective, urban cooling should also be considered in tandem with implementation of rigorous emission-control strategies, not only as a stand-alone measure. In addition, the modeling should account for the 'simultaneous' atmospheric effects of heat-island mitigation measures including on energy use and associated reductions in emissions from power generation, on meteorology-dependent emissions reductions from anthropogenic and biogenic sources, impacts of changes in evapotranspiration on surface water, impacts on air quality of slower production of ozone, pollutant deposition in increased urban-forest canopy and enhanced mixing via buoyancy of moist air and shear production of turbulent kinetic energy by urban forests.
RECENT PROJECTS AND FINDINGS FOR CALIFORNIA
In this section, three projects we have recently completed for California agencies are presented, in no particular order, along with a brief discussion of goals, approaches and findings. All three projects relied on extensive, state-of-science, advanced multiscale meteorological, emissions and photochemical modeling; however, each had a different goal. As stated earlier, these modeling efforts accounted for both the positive and negative effects of meteorology, emissions and chemistry discussed above.
6.1 Project: multiepisodic meteorological, air-quality and emission-equivalence impacts of heat-island control and evaluation of the potential atmospheric effects of urban solar photovoltaic arrays
The goal of this study was to (1) evaluate the impacts of heat-island mitigation (with increased urban albedo) on ozone air quality under varying summer synoptic conditions over multiannual, seasonal and multiepisodic time scales and (2) evaluate the potential atmospheric impacts of large-scale deployment of solar photovoltaic (PV) arrays in urban areas.
To categorize different episodes and seasons for modeling, the observed daily peak ozone concentrations (1-and 8-h peaks) at all monitors in California were binned. For example, the observed 1-h peaks over 50 ppb were grouped into 30-ppb bins. The surface and upper-air meteorological conditions corresponding to those peaks were then analyzed. Data from 1995 through 2005 were used to pair ozone monitors with several upper-air meteorological stations to perform classification and regression tree (CART) analysis for each monitor. The CART were developed using the methodology of Loh [24] . In this study, both 'classification' and 'regression' tree correlations were generated. Figure 1 (Taha [14] ) shows an example 'classification' Figure 1 . Example 'classification' tree of binned 1-h peak ozone versus meteorological parameters (this example is for a monitor in Alameda County, CA, USA). Units are as follows: HT ( pressure height) in meters, TAIR (temperature) in kelvin, TDEW (dew point) in kelvin, WSP (wind speed) in m s 21 , WDR (wind direction) in degrees. This CART is for weekdays only (to avoid including the weekend effect on ozone).
tree for a monitor in Alameda County, California, using 1-h peak ozone (30-ppb bins) as the dependent variable. At this monitor, the main splitting variable (node 1, at top) is the 1000 hPa temperature with a value of 288 K ( 158C). Above that value (to the right of node 1), most high concentrations of ozone occur at that monitor, including the bin with the highest concentrations (110 -140 ppb green node in Figure 1 ). In many other locations (monitors) throughout California, the dominant, top splitting variable also was air temperature.
In Figure 1 , the node number is given inside the circle, the splitting criterion and its value are given to the left of each node, the ozone-concentration bin range is given immediately below each terminal node and below that is a misclassification cost associated with the estimates for the node. To the left of each terminal node is the number of occurrences for the given condition. Throughout the tree, conditions meeting the splitting criterion follow the path to the left of the node, otherwise to the right. Thus, for example, the conditions leading to the concentration bin of 110-140 ppb (green node) at this monitor are: air temperature .288 K (.158C) at 1000 hPa, dew point temperature greater than 257 K (.2168C) at 700 hPa (roughly equivalent to 3 km AMSL) and wind slower than 0.52 m s 21 at 700 hPa. That is, the path to that bin is through Nodes 1, 3, 7, 14, 28, 56 and 112. The CART analysis results from all monitors in California were then synthesized and used to categorize and select modeling episodes based on the synoptic conditions that satisfy the node criteria of interest as well as the various pathways leading to different bins of ozone concentrations. A subset from the selected modeling episodes will be discussed in Tables 3 and 4 .
The modeling results show some range of impacts from heat-island mitigation under varying summer synoptic conditions. For example, in a central-California July -August 2000 episode, the largest daily cooling (from heat-island control) ranges from 0.6 to 1.18C and sometimes greater. The simulations also show smaller reductions in air temperature in certain urban areas (such as Fresno versus the San Francisco Bay Area) because of the smaller available modifiable surface area (i.e. technical potential to implement heat-island mitigation measures). In another episode, July 1999 for example, the range of largest daily temperature reductions is 0.7 to 2.28C. On some days, there is warming as well as cooling, but in Table 2 . Percentagewise changes in degree-hours relative to four temperature thresholds (averaged over all episodes) at arbitrary monitors in the counties of Sacramento, Santa Clara (SF Bay area), Fresno (Central valley), San Bernardino (LA region) and Los Angeles (LA region). general, the warming is smaller in magnitude, e.g. 0.2 -0.48C. The reason some warming can occur, as discussed in Section 5, is the reduced mixing downwind of and around modified urban areas. During a southern-California episode in July 2005, the largest daily cooling ranges from 1.1 to 3.58C in different parts of the domain. Thus, synoptic variations during summer, e.g. in cloud cover, wind, temperature and boundarylayer height, can result in some variations in impacts from heat-island mitigation. Changes in degree-hours at monitors in California were computed for each episode. It was found that for central California, the changes ranged from 290 to 2155 degreehours per day (relative to a threshold of 158C) as a result of urban cooling (increased albedo). For southern California, the range was from 2142 to 2155 degree-hours per day. The range of impacts from increased albedo appears to be relatively consistent during various summer conditions. As the base absolute values of cooling degree-hours (CDH) vary across the monitors (microclimates), one useful way to present the results was to calculate the change in CDH as a percentage of the corresponding base values. In Table 2 , an arbitrary sample of results is presented, where it can be seen that warmer climates, inland areas and deserts have smaller 'relative' impacts than coastal areas or regions with milder climates.
In terms of ozone air quality, Tables 3 and 4 provide a snapshot of the range of impacts for various summer episodic conditions in central and southern California. The tables list decreases and increases in the 1-hr peaks following the implementation of urban-cooling measures. Table 3 shows that except for the July-August 2000 episode with 2018 emissions (row 2) all RDI values (ratios of decrease to increase) are .1 indicating an overall decrease in 1-hr peaks. If the episodes listed in Table 3 (for central California) were to be grouped into categories of 'effectiveness' of urban cooling (e.g. urban albedo increase), the following could be stated:
The most effective episodic conditions include those with high RDI as well as large absolute reductions in peak ozone (rows 3 and 10). These episodes have some of the largest decreases in the 1-hr peaks, 5.24 and 4.57 ppb, While the relatively higher effectiveness of heat-island control in Group 1 and 2 episodes can be attributed to the achievable temperature reduction (cooling), there is otherwise no correlation between ozone reductions and the base -case meteorology; that is, the impacts on ozone concentrations are relatively consistent. In general, the reductions in ozone in all episode groups correlate with the temperature changes (e.g. degree-hours reductions), except for episodes such as those in rows 11 and 12. For southern California, Table 4 provides similar information. In general, the impacts of heat-island mitigation are larger in southern than in central California, the main reason being the larger modifiable area (technical potential) in the Los Angeles Basin. The RDI is also generally larger than for central California. In terms of the 8-hr average ozone, the modeling shows that across all episodes and regions in central California, the domain-average change in 8-hr episodic peak (relative reduction factor) ranges from 20.9 to 21.9%, and that for the Los Angeles Basin, it ranges from 22.0 to 23.6%.
Results from central and southern California simulations show that within the areas proper where albedo is increased (modified urban areas) the impacts on air quality are relatively consistent across a range of summer weather conditions-that is a local decrease in ozone. In unmodified areas, the impacts differ depending on flow pattern. When unmodified or marginally modified areas occur immediately downwind of modified ones (e.g. the downwind end of a modified urban area or immediately downwind of it), ozone can increase under certain conditions. These increases occur when the temperature gradient between an urban area and its upwind nonurban region is reduced, thus weakening the flow through the urban area itself and downwind of it, reducing the flushing of pollutants and mixing there and increasing temperature. The combination of these effects can cause increased ozone. While this effect can been seen in many locations, it is more noticeable in coastal urban areas.
In terms of emission equivalents of the indirect effects from urban cooling-that is, the conversion of changes in ozone concentrations into corresponding changes in precursor emissions, a separate, detailed modeling and analysis effort was undertaken in this study. The results show that for central California, the emissions equivalents of the indirect effects from heat-island mitigation across all episodes range from 266 to 2185 tons per day (tpd) of anthropogenic reactive organic gases ( 3-9% reduction). For the Los Angeles Basin, the range is from 251 to 277 tpd of anthropogenic reactive organic gases ( 5-8% reduction). These modeled reduction estimates are based on the assumption that all major urban areas in California deploy heat-island mitigation measures 'simultaneously'. Also, the above estimates are relative to only the 'anthropogenic' component of reactive organic gas emissions; relative to the entire reactive organic gas emissions inventory, the relative reductions will be smaller.
Solar photovoltaic
This project also evaluated the potential atmospheric impacts of solar PV deployment in urban areas via detailed mesoscale and meso-urban modeling. Taha [25] discusses the methodology, approach and the temperature and flow impacts of large-scale deployment of solar PV arrays in the Los Angeles area, selected as a case study. The technical potential (deployability) of solar PV arrays was developed based on land-use and land-cover characterizations, e.g. based on the USGS Level-II classification system (Anderson et al. [26] ).
The meso-urban modeling shows that 'reasonably high' levels of solar PV deployment, at a solar conversion efficiency of 10 -15%, have no impacts on the atmosphere. In other words, there are no negative impacts (nor positive) on air temperature and heat islands. However, when the efficiency reaches 20%, PV arrays cool the urban canopy layer. That cooling is small, up to 0.058C, but covers a large area corresponding to where the solar PV deployment occurs in the Los Angeles Basin. At a conversion efficiency of 25%, the cooling effect increases to between 0.05 and 0.18C and at conversion efficiency of 30%, the regional cooling reaches up to 0.158C. Thus from this standpoint, the deployment of solar PV arrays not only provides the direct benefits of power generation, it also can be considered a heat-island mitigation measure because it can cool the air.
6.2 Project: ranking and prioritizing the deployment of community-scale energy and environmental measures based on their indirect effects in California's climate zones
The goal of this project was to develop a system for ranking community-scale environmental and energy measures based on their indirect effects and heat-island mitigation potentials. The ranking and prioritization were based on evaluating the indirect atmospheric impacts of the measures in 180 different microclimate zones in California (Figure 2 ). Each zone was fully characterized in terms of land-use, land-cover, climate and technical potential (deployability) for each mitigation strategy listed in Table 1 . The strategies were modeled (in each climate zone) in standalone fashion as well as in various combinations with one another.
The study relied on using a fine-resolution meso-urban meteorological model (Taha [18] ) to simulate a 200-m Â 200-m idealized community in each of the 180 climate zones. In terms of urban fabric, morphology and land-use composition, each idealized community was constructed based on the characteristics of its nearest neighboring urban area, i.e. as an extension of that urban area. The study also used a mesoscale model (Taha [14] ) to simulate entire metropolitan regions (e.g. Los Angeles, Sacramento and Fresno). The effects of each measure alone and in combination with others, at each idealized community or metropolitan area, were then evaluated in terms of impacts on the atmospheric environment, e.g. changes in air temperature, wind and moisture with focus on derived quantities such as normalized and non-normalized degree-hours, since these are the most relevant indicators to characterizing the potential impacts of these measures on urban heat islands.
In terms of rankings, the modeling results suggest that some measures, such as cool roofs, are relatively dominant in their effects across a range of microclimates and geographical locations. Other strategies, such as urban forestation, are relatively more dominant in the drier and warmer micro-climates of California. However, the actual rankings of the measures listed in Table 1 vary from one location to another. In general, the modeling shows that the effectiveness of the measures (at reducing heat islands) in stand-alone fashion is in the following order, from most to least effective: (1) increased roof albedo, (2) increased pavement albedo, (3) structural and natural shading of buildings, (4) natural shading of parking lots and streets, (5) increased street albedo, (6) increased wall albedo, (7) conversion of impervious to pervious surfaces, (8) vegetation evaporative cooling for buildings, (9) vegetation evaporative cooling of parking lots and (10) vegetation cooling of streets. It is important to note that this order can be reversed in many locations and for certain scenarios where, for example urban forestation becomes the most effective measure, especially in inland, drier and warmer microclimates. In addition, when measures are combined with one another, the resulting rankings will differ.
As an example, Figure 3 shows the changes in thresholdindependent degree-hour/day from the base-case for a scenario of large increases in roof albedo in a community of 200 m Â 200 m at each of the 180 microclimates (locations). Because this is not a normalized change in degree-hours/day, it represents the combined effects of both climate and land-use characteristics on temperature changes at each community. Since Figure 3 is made to fit within the page margins, not every city label is visible (even though the data are fully and correctly displayed for all 180 locations). This analysis is repeated for each location and measure listed in Table 1 (thus Figure 3 is only one example of such).
As discussed earlier, these measures were also evaluated and ranked for metropolitan urban areas. In Figure 4 and Table 5 , the ranking of the measures in metropolitan Los Angeles is shown as an example. The metric presented in Figure 4 is the largest daytime change in air temperature. The scenario definitions and their rankings in the Los Angeles area are listed in Table 5 (in the order from most to least effective). It is important to note that the ranking of measures differs from one urban area to another and that this example for Los Angeles does not necessarily represent that for other cities.
6.3 Project: urban forest for clean-air demonstration in the Sacramento Federal Nonattainment Area: atmospheric modeling in support of a voluntary control strategy
The goal of this project was to assist, via advanced atmospheric modeling, in the development of an urban-forest control measure for ozone in the Sacramento Federal Nonattainment Area (SFNA). The strategy was two-pronged, whereby: (1) a relatively small number of trees (650 000) from the existing canopy in the SFNA would be replaced over time with lowemitting species and (2) the canopy cover in newer, urbanizing areas would be increased to match that in the SFNA's established urban zones, currently at 14%. For this study, a number of vegetation-canopy, emissions and meteorology scenarios were developed and modeled to arrive at an overall assessment of the potential ozone air-quality benefits of the proposed measure. Two regulatory episodes, one in July 1999 and the other in July-August 2000, were simulated for this purpose.
The urban forest scenarios tested in this study included (1) various levels of species replacements, i.e. total affected area and number of trees replaced), (2) different spatial distributions of species replacements (uniformly distributed or concentrated in specific areas to fit the VOC/NOx ratio variations in the region), (3) increased canopy cover in developing areas so as to match the cover in fully developed regions (i.e. increasing canopy cover from 5 to 14%) and (4) scenarios with large net increases in canopy cover, e.g. the addition of 2.5 million trees to the SFNA by the year 2023. In terms of emission scenarios, various mixes were considered, for example low-emitting or zero-emitting species. Evaluating the effects of the control measure and the various test cases was based on advanced mesoscale and meso-urban fine-resolution meteorological, emissions and photochemical modeling.
In order to perform the fine-resolution modeling, detailed characterizations of the urban areas and vegetation canopy in the SFNA were carried out. Gridded morphological parameters of the urban forest, developed in this study, included frontal-, top-and plan-area densities (at resolutions of 100 m in the horizontal and 1 m in the vertical), leaf-area index and sky-view factor. These allowed the model to calculate canopy drag, TKE and wake-eddies generation for each wind approach direction in each grid cell. The fine-resolution canopy characterizations were also used in the determination of speciesspecific 'temperature heights' , i.e. the heights (within the canopy) at which temperature was diagnosed for computation and correction of BVOC emissions. They were also used in improving the calculations of solar-radiation (PAR) extinction within the canopy, which is also needed in BVOC emission calculations. Quantification of dry deposition in the photochemical model was improved so as to depend directly on the vegetation-canopy properties and not on the default, generic roughness-length values typically used in regulatory air-quality modeling.
The fine-resolution modeling results show that as the canopy cover grows over time with urbanization, e.g. in the year 2018 relative to 2007, it can cause cooling of up to 0.7 to 1.18C (during the different days of the modeled episodes), typically in the afternoon, between the hours of 1300 and 1700 PDT ( Figure 5 , for example shows cooling of 0.78C). In the future, e.g. by the year 2023, the largest daily afternoon cooling reaches up to 1 to 1.58C. If 2.5 million trees were added to the SFNA by 2023, the maximum daily cooling would then range from 1.4 to 1.88C.
In terms of ozone air-quality, the detailed emissions and photochemical modeling shows a range of possible impacts depending on the urban forest scenario under consideration. The largest daily reductions in ozone (domain wide in the SFNA) resulting from the control strategy alone (species replacement only) are modest, reaching up to 0.50 ppb if species replacement is done uniformly throughout the SFNA. If the species replacement is implemented in a spatially targeted manner (according to the VOC/NOx ratio in various parts of the SFNA), the largest daily reductions can reach up to 3 ppb. In terms of the 8-hr average maximum ozone, the largest impact of the species-replacement scenario is a decrease of 0.6% in the July -August 2000 episode and 2% in the July 1999 episode.
The air-quality impacts of the urban-forest control measure were also evaluated using population-weighted exceedance exposure to ozone above the NAAQS (120 ppb) and CAAQS (90 ppb) thresholds. For the control strategy of species replacement only, and relative to the 120-ppb threshold, the reductions in exceedance exposure range from 1.1 to 3.5% in the July -August 2000 episode and from 1.3 to 6.0% in the July 1999 episode. In more aggressive scenarios with spatial targeting of species replacements (still involving only emissions changes), the reductions in population-weighted exceedance exposure can be much larger. In terms of changes in the episodic 1-hr maximum ozone, calculated at all monitor locations in the SFNA, the reductions from species replacement alone reach up to 0.8 and 1.3 ppb, respectively, for the July-August 2000 and July 1999 episodes. It should be noted that the control measure (species replacement only) is modest in scope and that much larger impacts on temperature and ozone can be achieved in scenarios where changes in canopy cover, emissions and meteorology are also accounted for (beyond the effects of species replacement only).
CONCLUSION
Modeling studies show that heat-island mitigation, or urban cooling, has significant impacts on meteorology, emissions and air quality. While the control measures have both positive and negative effects, the studies to date indicate that the beneficial effects are more dominant. In the future, however, the potential negative effects should be evaluated further. In addition, the effects of global-scale implementation of heat-island control must be carefully examined.
Further research is needed to resolve potential competing effects. Comprehensive, advanced and detailed atmospheric modeling of region-specific conditions is needed to evaluate these effects and to devise and tailor location-specific mix of control measures that will maximize the positive effects from urban cooling and minimize the negative ones. While beneficial on their own, urban heat-island control strategies should be considered as part of a portfolio of sustainable measures that will maximize the positive effects. In addition, heat-island mitigation should be considered in tandem with traditional emission-control measures.
